Rice straw was manually dissected and two main fractions were recovered: a culm and a leaf sheath/ blade fraction, in order to evaluate their potential as feedstocks for the recovery of fermentable sugars. In the case of cv. Koshihikari and Milkyqueen, most soft carbohydrates (SCs: glucose, fructose, sucrose, starch, and -1,3-1,4-glucan) were present in the culms, reaching 47.9% and 89.2% of total SCs in the two main fractions. The results also indicated that -glucans (cellulose and -1,3-1,4-glucan) and xylan in the culms were more susceptible to direct enzymatic attack than those in the leaf sheath/blades. Thus the culm has high potential as a new feedstock for the extraction of fermentable sugars in a concentrated form, as compared to whole rice straw and the leaf sheath/blade. In this study, a novel method of separating a culm from the whole rice straw by means of wind power was also evaluated.
Ethanol fuel made from biomass (bioethanol) is considered an important alternative to gasoline for transportation, in that it can reduce the emission of CO 2 which contributes to the global greenhouse effect. Currently, bioethanol is commercially produced only from edible feedstocks such as corn starch and sugarcane juice, and these bioethanol production systems pose a concern about competition with food and feed supplies. [1] [2] [3] [4] To avoid this competition, bioethanol production from non-edible lignocellulosic biomass, such as rice straw, corn stover, and wood is attracting keen interest. 5, 6) Two polysaccharides, cellulose, a -1,4-linked polymer of glucose, and xylan, a -1,4-linked polymer of xylose with various side chains, are the main components in most of these non-edible feedstocks. These polysaccharides can be degraded into fermentable monomeric sugars such as glucose and xylose with cellulolytic and xylanolytic enzymes, but they are highly packed in the native forms, and surrounded with lignin, forming recalcitrant structures against chemical, physical, and biological attack. 7, 8) To date, although many pretreatment technologies for lignocellulosic biomass for subsequent enzymatic saccharification in physical, chemical, or biological ways have been reported, [9] [10] [11] none of them has reached the commercial stage yet. The costs of both thermo-chemical pretreatment and enzymatic saccharification of lignocellulosic biomass can greatly affect the feasibility of a process for cellulosic bioethanol production, 12) and the establishment of a simpler recovery method for fermentable sugars from lignocellulosic biomass is strongly needed as a breakthrough for commercialization.
Rice straw can be regarded as a potentially advantageous feedstock for bioethanol production compared with other major lignocellulosic biomass, in that it contains a remarkable amount of SCs, 13) defined as readily recoverable carbohydrates via direct extraction or enzymatic hydrolysis. Although it has been found that rice straw accumulates nonstructural carbohydrates, 14, 15) the potential of the SCs in rice straw as a feedstock for bioethanol production has not been evaluated. A previous study found that direct enzymatic saccharification of rice straw samples resulted in efficient recovery of SCs in the form of glucose and fructose, as well as a part of cellulose in the form of glucose. 13) The highest hexose recovery from rice straw, defined as culm and leaf sheath, at the harvest stage reached 34.1% on a dry weight basis. Based on the data, a novel method was proposed for bioethanol production from rice straw with SCs, via direct enzymatic saccharification without thermo-chemical pretreatment.
In order to improve this method, in this study rice straw was dissected into two main fractions, culm and leaf sheath/blade, and their differences in amounts of SCs and susceptibility of the lignocellulosic structural compositions to enzymatic hydrolysis was evaluated. Separation of an SCs-accumulated, readily saccharified portion of in rice straw can be advantageous in efficient bioethanol production, because fermentable sugars can be obtained rapidly in a concentrated form.
Materials and Methods
Samples. Rice straws (cv. Koshihikari and Milkyqueen) at the harvest stage were used. Sun-dried rice straw (cv. Koshihikari) was purchased from Honda Noen (Tsukubamirai, Japan), and further dried at 70 C for more than 3 d. The other rice straw (cv. Milkyqueen) was collected from an experimental farm of National Agriculture and Food Research Organization (NARO), and was stored immediately in a cool room at 4 C for 6 months. Then it was dried in an oven at 70 C for y To whom correspondence should be addressed. Fax: +81-29-838-7996; E-mail: tokuyasu@affrc.go.jp Abbreviations: SCs, soft carbohydrates; APN, alkali-pretreated and neutralized; APNW, alkali-pretreated, neutralized, and washed; UT, untreated; SP, 1-mm-screen-passed 3 d. The dried rice straw (100 g) was manually dissected to separate two main fractions: the culm and leaf sheath/blade. Dissected samples (10 g) were cut into 2-3 cm in length, milled with a high-speed milling machine (PM-2005, Osaka Chemical, Osaka, Japan), and passed through a 500-mm mesh sieve.
Component analysis. The amounts of starch, -1,3-1,4-glucan, free glucose, and sucrose in the samples were estimated by previously described methods. 13) For quantification of fructose, a sucrose/ D-fructose/D-glucose Assay Kit (Megazyme International Ireland Co., Ltd., Wicklow, Ireland) was used following the manufacturer's instructions. The contents of cellulose and xylan were determined by a two-step H 2 SO 4 hydrolysis method. A 200-mg sample was added to 2 ml of 72% w/w H 2 SO 4 , and this was stirred using a glass rod until the sample was completely mixed with the acid solution. After it was kept in a water bath at 30 C for 1 h, the mixture was diluted by adding 14 ml of distilled water, and the diluted mixture was hydrolyzed at 105 C for 2 h. Then the mixture was cooled at room temperature and centrifuged at 10;000 Â g for 10 min. The supernatant was recovered and neutralized with 10% w/v NaOH. Aliquots of the neutralized sample were used in total glucose and xylose content analyses. The total glucose content was determined by Glucose C-II Test Wako (Wako, Osaka, Japan), and the xylose content was determined with a D-Xylose Assay Kit (Megazyme International Ireland). The net cellulose content was calculated by subtraction of the glucose contents of SCs from the total glucose content as measured by the two-step H 2 SO 4 hydrolysis method. The xylan content was calculated from the amount of xylose, under the assumption that xylan is a linear polymer of -1,4-linked xylose residues.
In arabinose and galactose analysis, the suspension after two-step H 2 SO 4 hydrolysis was centrifuged at 10;000 Â g for 10 min and the supernatant was recovered. The precipitate was washed by adding 10 ml of H 2 O, with subsequent centrifugation at 10;000 Â g for 10 min. The supernatant was carefully recovered, and this washing step was repeated 3 times. All four supernatant fractions were mixed well, and the amounts of arabinose and galactose in the mixed sample were estimated by High Performance Anion Exchange Chromatography with a Pulsed Amperometric Detector (HPAEC-PAD) (Dionex ICS-3000, Dionex, Sunnyvale, CA) equipped with a Carbo-Pac PA1 guard and analytical columns connected in series.
To measure the acid insoluble lignin and ash, the washed precipitate was dried at 75 C for 1 d. The dry weight was calculated, and combusted at 600 C for 5 h in a muffle furnace. The remaining ash was weighed, and acid insoluble lignin was calculated by subtraction of the weight of ash from the dry weight of the precipitate.
Pretreatments. In order to investigate the effects of pretreatment on the saccharification of the culm and leaf sheath/blade samples, three pretreatment methods were used. Method 1. In a test tube with a cap, 50 mg of rice straw sample was mixed well with 500 ml of 50 mM NaOH. The cap of the test tube was closed tightly, and the tube was autoclaved at 121 C for 15 min. After cooling to room temperature, the suspension was neutralized with 250 ml of 100 mM HCl and the pH was adjusted to 4.8 with 500 ml of 200 mM citrate buffer containing 0.04% sodium azide to prepare an alkali-pretreated and neutralized (APN) sample.
Method 2. An APN sample was centrifuged at 10;000 Â g for 10 min and the supernatant was carefully discarded. The precipitate was mixed well with water (1 ml), and the suspension was centrifuged at 10;000 Â g for 10 min in order to recover the precipitate. This process was repeated 3 times. The sample was dried at 65 C, overnight and weighted. The dried sample was added to 750 ml of 33 mM NaCl and the pH was adjusted to 4.8 with 500 ml of 200 mM citrate buffer containing 0.04% sodium azide to prepare an alkali-pretreated, neutralized, and washed (APNW) sample.
Method 3. A rice straw sample (50 mg) was added to 750 ml of 33 mM NaCl and the pH was adjusted to 4.8 with 500 ml of 200 mM citrate buffer containing 0.04% sodium azide to prepare an untreated (UT) sample.
Enzymatic hydrolysis. The bufferized suspension from each pretreatment method was used for enzymatic hydrolysis. First, the starch in the sample was gelatinized by heat treatment at 100 C for 30 min in the presence of thermostable -amylase (30 U, Megazyme International Ireland). After it was cooled to 30 C, the sample was further hydrolyzed for 3 h with amlyoglucosidase (33 U, Megazyme International Ireland) and invertase (2 U, Toyobo, Osaka, Japan). Then the sample was hydrolyzed with lignocellulose-degrading enzymes: Celluclast 1.5L (1.1 FPU, Novozyme Japan, Chiba, Japan), Novozyme 188 (2.3 CbU, Sigma-Aldrich Japan, Chiba, Japan), and Viscozyme L (0.07 CbU, Novozyme Japan). An appropriate amount of water was added to the suspension to make the final reaction volume of the sample 2 ml, and it was reacted at 50 C for 48 h. The amounts of glucose and xylose after the addition of lignocellulose-degrading enzymes were calculated by the method described above.
The recovery of glucose and xylose after enzymatic hydrolysis was estimated on the basis of the amounts of total glucose and xylose, respectively, in native sample using the following equations:
Glucose recovery (%) ¼ 100 Â amount of glucose after enzymatic hydrolysis /amount of total glucose in the native rice straw sample Xylose recovery (%) ¼ 100 Â amount of xylose after enzymatic hydrolysis /amount of xylose in the native rice straw sample Separation of culm from rice straw by wind power. A rice straw sample (30 g, cv. Milkyqueen) was pressed through a roller, cut to 3 cm in length, and crushed with a grinder mill (RDI-15, Grow Engineering, Tokyo) without a mesh sieve. The crushed sample was separated into two parts by passing it through a 1-mm mesh sieve. The part of sample larger than 1 mm in length was put into a cylinder pipe (1 m in length, 10 cm in inside diameter) from the bottom. To blow the sample, nitrogen gas was blown the bottom to generate an air cyclone. The angle at which the gas was blown was carefully controlled so as to clearly separate the sample into two parts: the parts that stuck to the inner wall of the cylinder (the inner part) and those blown out of the upper cylinder (the outer part). After most of outer part was recovered, blowing was stopped to recover the inner part from the bottom of the cylinder. Both parts were weighed and used in component analysis, as described above.
Results and Discussion
Component analysis of the culm and leaf sheath/ blade Rice straws were manually dissected in order to evaluate the properties of the two main fractions (culm and leaf sheath/blade) for efficient recovery of fermentable sugars. The manually dissected culm and leaf sheath/blade occupied 21.6% w/w and 74.7% w/w of dry rice straw of cv. Koshihikari, and 35.2% w/w and 55.0% w/w in the case of cv. Milkyqueen. In both these rice straw, the two main fractions represented more than 90% of the dry rice straw, and the ratio of the weight of culm to that of leaf sheath/blade differed in these two cultivars.
The amounts of SCs in these dissected fractions were determined, as shown in Table 1 . In both cultivars, the culm contained more SCs than the leaf sheath/blade. The ratio of concentration of whole SCs in the culm to those in the leaf sheath/blade was 3.18 for cv. Koshihikari and 12.9 for cv. Milkyqueen. This means that 89.2% (cv. Milkyqueen) and 47.9% (cv. Koshihikari) of the total SCs in the two fractions was found in the culm fraction. In both cultivars, starch was the main soft carbohydrate in the rice straw, and a significant amount of sucrose was also found in the culm of cv. Milkyqueen, which agreed with the data in a previous report, that starch and sucrose were the main components of the SCs in rice straw.
13) The phenomenon of concentration of starch into culm has been reported. [16] [17] [18] The concentration of starch in rice straw decreases after transplanting, increases after the end of tillering stage, and decreases again after heading. Although this starch almost disappears about 3 weeks after the heading stage, it is re-concentrated in rice straw at the harvest stage. As shown in Table 1 , this concentration was also found in cv. Koshihikari which was sundried in rice fields after harvest. Also, it is noteworthy that most of the -1,3-1,4-glucan in the rice straw was found in the culm, as it has been suggested that -1,3-1,4-glucan exists as a component in the primary cell wall of rice straw, and that xylan takes the place of glucan during secondary cell wall formation. 19) These data encouraged us to characterize the cell-wall components of the two main fractions and to evaluate their susceptibility to hydrolytic enzymes as well. Table 2 shows the contents of the cell-wall components in the manually dissected culm and leaf sheath/ blade of cv. Koshihikari and cv. Milkyqueen. In general, cellulose, xylan, acid insoluble lignin, and ash represented major components in the cell wall of rice straw. The cellulose contents in the culms were slightly higher than those in the leaf sheath/blades, whereas the contents of xylan, lignin, and ash were at the same level or lower in the culms than in the leaf sheath/blade. In cv. Milkyqueen, it was observed that the amounts of xylan, lignin, and ash in the culm were smaller than those in the leaf sheath/blade. The cell wall of culm might be more susceptible to direct enzymatic saccharification, as xylan and lignin are relevant to formation of the secondary cell wall, which is highly recalcitrant to attack by its degrading enzymes. A significant accumulation of ash in stem is typical in rice straw, and most of it comes from silica. 20, 21) The effect of silica accumulating in rice straw on direct saccharification is not clear yet. Silica layers may hinder the enzymatic hydrolysis of the cellulose and xylan.
As arabinose and galactose exist as side chains of xylan, an increase in their amounts implies that xylan forms more complex structures with branches. Especially, the amount of arabinose might reflect the possibility of intermolecular network formation with lignin via ester bonding with ferulic acid residues.
12) The amounts of arabinose in the culms were smaller than those in the leaf sheath/blades, suggesting that the network between xylan and lignin is less complex in the culms.
Enzymatic hydrolysis of glucan in culm and leaf sheath/blade
Component analysis of the data for culm and leaf sheath/blade strongly suggested higher susceptibility of the culm to direct enzymatic attack. In order to prove this, each fraction was enzymatically hydrolyzed by starch-degrading enzymes, invertase, and lignocellulosedegrading enzymes into monomeric sugars, with and without alkali pretreatment.
Three kinds of samples of both dissected fractions, alkali-pretreated and neutralized (APN) samples, alkalipretreated, neutralized, and washed (APNW) samples, and untreated (UT) samples, were prepared by methods Fig. 1 . In cv. Koshihikari, the amount of liberated glucose from the UT sample of culm was larger than that of leaf sheath/ blade ( Fig. 1A and B, solid squares). The same trend was seen in cv. Milkyqueen (Fig. 1C and D , solid squares), indicating higher susceptibility of the culm fractions to direct enzymatic attack. In Fig. 1A (leaf sheath/blade of cv. Koshihikari), the trends of enzymatic glucose recovery of the three samples were not significantly different, suggesting that alkali pretreatment was only slightly effective. Glucose recovery in the APN sample (Fig. 1A) after a 48-h reaction was slightly higher than in the APNW sample, possibly due to a structural change in insoluble parts during the drying process in APNW sample preparation.
In Fig. 1C (culm of cv. Milkyqueen), saccharification of SCs in the UT sample and the APN sample resulted in glucose recovery of about 80%, whereas most of the SCs appeared to be washed off during the preparation of the APNW sample. the slight difference between the UT sample and the APN sample may have been due to a loss of free glucose during alkali pretreatment in the preparation of APN sample. In UT sample, both free fructose and that liberated from sucrose was recovered, as well as liberated glucose from the SCs (data not shown).
In Fig. 1B and D (leaf sheath/blade), the effect of alkali pretreatment is clearly seen as higher glucose recovery in the APN and APNW samples than in the UT samples. Alkali pretreatment of lignocellulosic materials can cleave ester bond, and liberate some of lignin, hemicellulose, and silica. Much work on alkali pretreatment of lignocellulosic biomass has been performed to facilitate the attack of lignocellulose-degrading enzymes on their substrates. 6, 10, 22) This effect of the alkalipretreatment on glucose recovery after enzymatic hydrolysis was more obvious in samples of leaf sheath/blades than in those of the culms, indicating that cell-wall glucans can be categorized into three regions: glucans directly hydrolyzed by enzymatic attack, those enzymatically hydrolyzed after alkali pretreatment, and those resistant to enzymatic hydrolysis after alkali pretreatment. The data suggest that the proportions of the three regions were different between the culm and leaf sheath. According to the data from the two cultivars, glucans in cell walls which can be directly hydrolyzed by enzymatic attack were more concentrated in the culm than in the leaf sheath/blade.
The increase in glucose recovery after treatment with lignocellulose-degrading enzymes corresponded to the recovery from structural glucans in the cell walls. The other group of glucoses came from starch, sucrose, and free glucose, which were hydrolyzed into glucose prior to the addition of the lignocellulose-degrading enzymes in this experiment. The net recovery of glucose from the cell walls after a 48-h reaction was estimated on the basis of the amounts of glucose in the cellulose and -1,3-1,4-glucan in the native samples. These net recoveries in UT samples from the culms of cv. Koshihikari and cv. Milkyqueen were 46.2% and 48.2% respectively (Fig. 1A, C) . As for the UT samples from the leaf sheath/blades, the values for cv. Koshihikari and cv. Milkyqueen were 20.9% and 31.9% respectively (Fig. 1B, D) . The difference in glucose recovery from the cell walls of the two fractions can be attributed to their cellwall structures. The amounts of lignin, arabinose, and galactose in the culm were smaller than those in the leaf sheath/blade (Tables 1 and 2 ). In addition, as Fig. 1 suggests, the heterogeneity of the cell-wall structures greatly affected glucose recovery. Whereas 46.2% of cell wall glucans in the UT sample from the culm of cv. Koshihikari recovered as a form of glucose, most of the remaining cell wall glucans were highly resistant to enzymatic hydrolysis even after alkali pretreatment.
If most of the recoverable glucose in culm comes from cellulose, as in the case of cv. Koshihikari, direct enzymatic saccharification (UT sample) with a recovery of 46.2% is not very efficient. In contrast, in the case of cv. Milkyqueen, the accumulation of SCs in the culm resulted in a very high recovery of glucose (85.1%, Fig. 1C ) after a two-step enzymatic hydrolysis, even though the net glucose recovery from the cell wall after treatment with lignocellulose-degrading enzymes was comparable to that of cv. Koshihikari. Thus the recovery of fermentable sugars from the culm via direct enzymatic saccharification can be effective when it contains significant amounts of SCs. In this case, direct saccharification of the culm is advantageous in that it avoids costly thermo-chemical pretreatment, and saccharification and fermentation can be performed simultaneously in one batch. Also, the advantage of direct enzymatic saccharification can include a high recovery of SCs from rice straw, because of the sugar loss due to the instability of glucose and fructose under some thermo-chemical pretreatment conditions.
Enzymatic hydrolysis of xylan in the culm and leaf sheath/blade
Aside from the case of glucose recovery, the trends of xylose recovery were similar in the two fractions from the two cultivars. The order of xylose recovery after a 48-h enzymatic reaction was APN samples > APNW samples > UT samples ( Fig. 2A to D) . Alkali pretreatment has been used for the pretreatment of biomass, as it is effective to modify the structure of xylan, mainly via cleavage of ester bonds with sugars and other molecules such as ferulic acid and acetic acid. 22) Indirect effects during alkali pretreatment, such as liberation of lignin and silica, also affect the increase in xylose recovery. The slight decreases in xylose recovery observed in the APNW samples as compared to APN samples might have been due to a wash-off of liberated xylan during the preparation of the APNW samples.
In the case of the UT samples, xylose recovery from the culms was about twice that from the leaf sheath/ blades, suggesting differences in the branched structures of xylan, which can determine the efficiency of enzymatic saccharification. Component analysis data suggested that xylan in the culms contains fewer arabinose residues than in the leaf sheath/blades. Even though xylan hydrolyzed by direct enzymatic attacks was higher in the culms than in the leaf sheath/blades, they represented only 7-8% of total xylan in the culms.
Xylose fermentation into ethanol is an important issue in bioethanol production from lignocellulosic feedstocks. Much research worldwide has been devoted to xylose fermenting microorganisms, such as Pichia stipitis, Candida shehatae, Pachysolen tannophilus, recombinant Saccharomyces cerevisiae, and recombinant Escherichia coli. 1, [23] [24] [25] [26] To our knowledge, however, no bioethanol production processes with a xylosefermenting step have reached the commercial stage yet. 27) At the present level of xylose-fermentation technology, it is a trade-off with the total cost of ethanol production whether xylose recovery for fermentation is taken into consideration or not. According to this study, it is strongly suggested that hexose recovery via direct enzymatic saccharification of culm is not consistent with xylose recovery.
Separation of culm from rice straw
In order to collect culms from crushed whole rice straw, a wind power separation device was developed (Fig. 3A) . In preliminary experiments on crushing rice straw, the culm was found to be more compacted than the leaf sheath/blade (data not shown). The principle of this separation method using wind power was based on the difference in apparent density or size between fractions, which was same as the separation method using air cyclones. 28) At first, rice straw (cv. Milkyqueen) was pressed through a roller in order to pack down its hollow structure. The pressed straw was cut to 3 mm in length and ground to about a few millimeters. Then the ground straws were separated on a 1-mm mesh screen, and the particles that did not pass through the screen were used as a sample for wind separation.
With the device shown in Fig. 3A , the sample was successfully separated into two parts: rice straw samples stuck to the inner wall of the cylinder (inner part), and those blown out of the upper part of the cylinder (outer part). On a weight basis, 33.0% of the total input of rice straw before pressing was separated as the inner part and 42.5% as the outer part. Also, 14.7% of total input passed through the 1-mm mesh screen, which was separated as the 1-mm-screen-passed (SP) part. The amount of loss during the entire process was 9.8%.
The amounts of SCs in separated the SP part, the inner part, and the outer part are shown in Fig. 3B . The amounts of SCs in the culm and leaf sheath/blade, which were prepared by manual dissection, are also shown in the Fig. 3 . The SCs in rice straw were distributed in two parts after manual dissection; the culm fraction contained 89.2% of total of SCs, and the rest was in the leaf sheath/blade. When the sum of the SCs in dissected culm and leaf sheath/blade was assumed to be 100%, the amount of SCs in the SP part, the inner part, and the outer part were 15.6%, 62.4%, and 22.0% respectively. As shown in Table 1 , the amount of sucrose and -1,3-1,4-glucan in the culm was larger than in the leaf sheath/blade. We think that most of culm fraction can be fractionated in the SP and inner parts, for large amounts of sucrose and -1,3-1,4-glucan were distributed in these two parts after wind separation. As for the sum of SCs in the SP part and the inner part, 80.0% of total SCs in the dissected culm and leaf sheath/blade (89.4% of total SCs in the dissected culm) was recovered, with a weight reduction to 47.7% of that of rice straw.
This separation method is expected to be more practical, and finally, the recovery of the culm should be done in the rice field or place at storage of rice straw. In the cases, the leaf sheath/blade as the outer part can be scattered on the field as fertilizer so as to conserve soil conditions for sustainable farming, or used for fuel for the generation of heat or electricity.
Our proposal on direct enzymatic saccharification of the culm is intended to recover highly concentrated glucose and fructose without the aid of harsh pretreatment. The process should be most advantageous over other processes when rice straw rich with SCs is used as a feedstock for bioethanol production. The stable supply of rice straw with SCs, however, has not been achieved yet, as the mechanisms of accumulation and disappearance of SCs in rice straw are unclear. Integrated research on stable production of rice straw with SCs is necessary to explore this new possibility in agriculture.
